With the development of radio telescope antennas with large apertures, high gain, and wide frequency bands, compensation methods, such as mechanical or electronic compensation, are obviously essential to ensure the electrical performance of antennas that work in complex environments. Since traditional compensation methods can only adjust antenna pointing but not the surface accuracy, which are limited for obtaining high surface precision and aperture efficiency, active surface adjustment has become an indispensable tool in this field. Therefore, the development process of electrical performance compensation methods for radio telescope antennas is introduced. Further, a series of analyses of the five key technologies of active surface adjustment is presented. Then, four typical large antennas that have been designed with active main reflector technology are presented and compared. Finally, future research directions and suggestions for reflector antenna compensation methods based on active surface adjustment are presented.
Introduction
A radio telescope is a precise instrument designed to mainly receive radio waves from celestial bodies, which can radiate electromagnetic waves. There are two primary components that make up a radio telescope: the antenna and the receiving system, in which a large aperture antenna is its main component [1, 2] . Each significant advancement in radio telescope antennas has been a milestone in the development of astronomy, without exception. As the most commonly used radio telescope antennas, reflector antennas [3, 4] can easily implement a large aperture and narrow beam, with high resolution and high sensitivity; hence, they are widely used in the fields of radio astronomy, radar, communication, and space exploration [5, 6] . In the past, the aperture of a large ground-based radio telescope antenna was usually greater than or equal to ten meters. With the rapid development of modern science and technology, the antenna design and manufacture and feeding technology have been greatly upgraded; hence, the large, medium, and small sizes of ground-based radio telescope antennas should be redefined. An antenna whose aperture is smaller than ten meters in diameter can be classified as small, an antenna whose aperture is from ten meters to thirty meters in diameter can be classified as medium-sized, an antenna whose aperture is from thirty meters to one hundred meters in diameter can be classified as large, and an antenna whose aperture is larger than one hundred meters in diameter can be classified as ultra-large. So far, more than twenty large and medium-sized radio telescopes have been built around the globe in various forms [7] [8] [9] , including fixed single-aperture spherical radio telescopes, non fully steerable standard parabolic radio telescopes, fully steerable antennashaped radio telescopes, and telescope arrays. A large radio telescope (hereinafter referred to as a "large antenna") operating in a complex environment is affected by gravity, temperature, wind, and other factors, which lead to structure distortion. Further, there are random errors related to manufacture, installation, and so on. These factors together result in reflector surface deformation of the antenna, which degrades surface accuracy and electric performance through gain loss, pointing error, and sidelobe degradation [10] [11] [12] [13] [14] [15] [16] [17] . Therefore, it is necessary to adjust the antenna structure and shape to compensate for the loss of electric performance.
For this purpose, the paper discusses the development process of electric performance compensation methods for radio telescopes, presents the characteristics of large antennas with the application of the active surface adjustment, summarizes the key active adjustment technologies, compares typical large antennas using active adjustment for the antenna main reflectors, and eventually discusses the structure design program and research proposal for active surface compensation of the QiTai Telescope (QTT) antenna in Xinjiang, China. The presented content provides a technical reference for performance assurance and improvement of ultra-large radio telescopes.
Development History of Performance Compensation for Radio Telescope Antennas
According to the classical Ruze formula [18] , antenna technicians thought that the most critical issue was to ensure the surface accuracy for satisfactory electric performance of radio telescope antenna. Futhermore, under situation of the same antenna efficiency, it is becoming more and more difficult for large-aperture high-frequency antennas to achieve an acceptable machined surface on account of the extremely demanding surface accuracy requirements. Later, to reduce the difficulty of panel processing, antenna designers adopted not only rigid materials for antenna fabrication, but also precise antenna structure design strategies, such as "homologous design" [19, 20] , to improve the main surface deformation at various elevations and ensure electric performance. For large antennas in operation, the frequently used methods for compensating electric performance include mechanical and electronic compensation techniques, among other approaches [21] . Mechanical compensation techniques include main reflector, subreflector, and deformable plate compensation. Electronic compensation mostly refers to feed array compensation. A comparative analysis of various compensation methods shows that the main reflector compensation method is the best option, which can provide the best integrated performance. The subreflector compensation method can generate good results when the structural distortion is not very grave, and deformable plate compensation can improve antenna performance to a certain extent. Although the shape of the main reflector and subreflector cannot be changed, the array feed can partly compensate structural distortion. Finally, the compensation effect of multiple methods combined is better than that of one method alone.
To satisfy the development needs of radio astronomy, antenna apertures have become larger, the working frequencies higher, and antenna structures more complex, which makes antenna aperture efficiency and pointing more sensitive to structural deformation. However, the traditional compensation methods can only adjust the reflector antennas in azimuth and elevation. Since a single panel of the main reflector is not adjustable, the surface accuracy of the reflector cannot be adjusted using only traditional compensation methods. The traditional compensation methods first calculate the best fitting surface after the deformation of the main reflector and then adjust the azimuth and elevation of the reflector to, respectively, move the main reflector to the best fit surface and the subreflector to the matching position of the best fit surface. In light of the changes, traditional compensation methods, such as moving the main reflector and subreflector to the matching positions of the best-fit paraboloid, are ineffective. The surface shape of the main reflector must be adjusted, which is to say that the antenna electric performance will be compensated by realizing active adjustment of the main reflector. As shown in Figure 1 , to further improve antenna surface accuracy, a variety of surface shape control methods are proposed in the design and manufacture period of large antennas [22] [23] [24] [25] , such as rigid design, homology design, radome or package handling, and optimum presetting angle installation. Up to now, all large antennas in the gigahertz band worldwide have been integrated with rigid design, structural homologous design, and the active surface adjustment to ensure that the antenna surface accuracy reaches the millimeter level. Therefore, active surface design is the trend in antenna construction, which is also an important technique to realize high steering accuracy.
Active Surface Compensation Technology System
During observation periods, an antenna is influenced by complex environmental factors. With changes in the antenna's azimuth and elevation attitude, the antenna surface topography changes in real time. It is imperative to adopt active adjustment for large antennas operating at high frequencies [26, 27] . Figure 2 presents the realization process of the active surface adjustment of large antennas. As a large antenna is observing, its surface is measured in real time by modern surface detection technology. Then, the actual surface deformation information is transferred to the main control computer, which can provide the panel adjustment amount through a certain mathematical algorithm. Next, the control network of the active surface control system will adjust actuators in various positions to make mechanical motions by remote control. Thus, the position of each reflector panel can be fine adjusted, and eventually the surface shape of the antenna will be corrected. In combination with the development history of large antennas and the application status of the active surface, this paper summarizes key technologies for realizing active surface compensation, including calculation of the amount of surface adjustment, segment design of the active main reflector, actuator design, active surface control, and surface detection. Based on the analysis above, we present the basic principles, difficulties, and application ranges of these key technologies.
3.1. Actuator Design. The actuator is the point at which active surface adjustment is implemented, and it is the main mechanical adjustment device in the reflector shape control 2
International Journal of Antennas and Propagation of large antennas. Actuator design refers to the mechanical structure design of the actuator, whose three key indexes are weight, stroke, and adjustment accuracy. A series of studies have been carried out [28, 29] on the design, simulation, manufacturing, and testing of actuators. To achieve the real-time requirements of active surface adjustment, it is necessary to ensure that the actuator is capable of fast response, precise positioning, and sufficient stroke. Further, high reliability, strong anti-interference capability, and long service life under severe working conditions must be guaranteed over a wide temperature range. With the development of modern precision instruments, piezoelectric, electrostrictive, magnetostrictive, shape-memory alloy, and electrorheological fluid actuators are most commonly used. It is understood that dozens of actuators are out of order and need to be repaired or replaced for the GBT antenna of the United States every winter. In consideration of the personal safety of the staff and practical engineering problems related to mass production and cost, the QTT antenna actuator design still needs to be improved. They should be designed to be small and light, to have a long service life, and to have reliability and adaptability in a lowtemperature environment. Therefore, it is suggested that the QTT antenna actuators should adopt a stepping motor and the light screw design, with a precision sensor design scheme, which should be supplemented by deicing and lowtemperature resistance sealing measures to ensure robust operation under the conditions of the Qitai observatory environment. Of course, the electromagnetic compatibility (EMC) problem must be taken into consideration.
Active Surface Control
System. An active surface control system is fundamental to achieving active surface adjustment, which belongs to a subsystem of the antenna control system. It comprises a slave computer, actuators, a control bus, a power supply unit, and other parts, and the control bus, which links to and controls the actuator, constitutes the whole control network. A previous study was conducted [30, 31] of the control system wiring, motor, communication protocol, actuators, and so on. The control system wiring is very important. The simpler the route is, the lesser the burden on the antenna structure is, which improves the control response time and reduces the signal loss.
According to the various factors that cause deformation of the main reflector, there are three main types of active surface control systems at present. The first is the open-loop correction control system based on the structural finite element model, which focuses on gravity deformation. For example, the SRT 64 m of Italy [32] stores the antenna compensation information corresponding to self-weight deformation inside the database beforehand, to achieve real-time compensation though a kind of lookup table during antenna operation. The second is a half-closed-loop correction control system based on temperature measurement and the finite element [33] . The third type is a quasireal-time closed-loop control system based on large-scale surface measurement techniques (including holographic measurement). In particular, the American GBT antenna had applied the partial focus holographic measurement technique [34] . However, due to the limitation of measurement time and accuracy (ultra-large antenna aperture), as well as the speed of control response (a great number of control units), the active surface control system is still unable to achieve fully real-time closed-loop control. It is proposed that, for the QTT antenna, in-depth studies should be continued regarding compensation database establishment, the rapid detection and accurate inversion of the reflector surface, actuator response time, and so on.
3.3. Surface Shape Detection. Surface calibration and realtime measurement of the antenna reflector is the first step towards the implementation of active surface adjustment. Generally, the measurement accuracy must reach 1/3 to 1/5 of large antenna surface error specification. On account of the large aperture and high surface accuracy of In the past, before the appearance of the active surface adjustment, surface detection was mainly used in the initial stages of panel manufacturing, installation, and debugging. Traditional measurement methods mainly include mechanical, optical, and electrical methods [35] , as shown in Table 1 . The main characteristics of these methods include small range, low accuracy, slow measurement speed, low level of automation, great labour intensity, and the limitation of antenna attitude.
Since the 1980s, many modern precision measuring instruments have been developed, which have allowed tremendous advances in antenna surface detection methods. The modern antenna surface detection methods [36] , as shown in Table 2 , can offer greater flexibility, as will be presented in this section.
3.3.1. Theodolite Method. More than two high-precision electronic theodolites are applied with other accessories and system software to make noncontact measurements of the antenna by the principle of forward intersection of the space angle [37] , which is widely used in the manufacturing industry for antennas.
Total Station
Method. This method uses a highprecision total station with ranging marks, such as reflective films, to measure the antenna reflector based on the measuring principle of the polar coordinate. For example, the installation and measurement of GBT panels were made by applying the total station and theodolite methods to achieve the surface precision of 1.1 mm.
Photogrammetric Method.
One or more high-precision measuring cameras are used to make rapid noncontact measurements based on the principle of intersection measurement [38] , which is especially suitable for a dynamic measurement field. For instance, when the United States Arecibo telescope was upgraded to increase its working frequency from 600 MHz to 10 GHz [39] , the photogrammetric Laser tracking method Less than 400 m under the accuracy 0.2 mm It needs to be recalibrated when the instrument tilts, and dense sampling is slow.
Phase retrieval method Tianma 65 m adopts this method to obtain the surface precision 510 μm.
It uses a single receiver and an astronomical source to measure the beam at a couple of different secondary focus positions.
Tower holography method ALMA telescope, which is a reflector antenna array made up of antennas with the aperture of 12 meter and 7 meter, adopts this method to obtain the surface precision better than 20 μm.
It is a near-field measurement method using a tower transmitter.
Radio holography method GBT adopted this method to obtain the surface precision 0.46 mm.
It requires a second reference telescope or receiver system, and both the telescope and receivers must have good phase stability.
Edge sensor method Good stability and sensitivity on the order of 10 mm and CCAT use this method It measures the real-time changes of panel-to-panel in the surface to implement real-time closed-loop control of the surface during astronomical observations. 5 International Journal of Antennas and Propagation method was used so that the surface accuracy would be superior to 2 mm after panel adjustment.
Laser-Tracking Method.
The measurement principle of the laser-tracking method is the same as that of the total station method, which applies a single laser tracker and makes fast tracking measurements by the measuring principle of the polar coordinates [40] . It has a high measuring precision of up to 100 μm within a 200 m range and a high measuring speed of up to 5 zones per second.
3.3.5. Radio Holography Method. Taking advantage of the Fourier transform relationship between the far-field pattern and the aperture field distribution of the antenna, the far-field pattern is measured to deduce the antenna aperture field distribution reversely including the amplitude and phase. Then the antenna surface deformation information is obtained through the geometrical optics method [41] . This method can be applied without any additional equipment. Moreover, it has the advantages that it can be conducted in real time with high precision, high automation, noncontact, nondestruction, and unlimited range with simple devices and no special requirement for antenna attitude. For example, GBT adopted the radio holography method when equipped with a reference receiver, together with the theodolite and total station methods, to evaluate the surface with an accuracy range from 1.1 mm to 0.46 mm [42] .
In addition, the phase retrieval method is used to measure the amplitude of multiple far fields, and the near-field holography method, or called as tower holography method, is for measuring the amplitude and phase of near fields in antenna surface measurement. The former was widely used in the early years, with convenient measurements but low accuracy. In comparison, the latter has gradually become popular in recent years, and it achieves high measurement accuracy; however, the requirement for a tower transmitter makes it unsuitable for large aperture antennas. The radio holography method has a high measurement precision using a reference telescope or receiver which is time-consuming and cost-consuming. A novel method proposed for CCAT that uses stiff and thermally stable panels (typically CFRP panels) and edge sensors can measure the real-time changes of panel-to-panel in the surface with the relative low cost [43] . In conclusion, the radio holography and edge sensor seem to be the most appropriate method for measuring the surface topography of the QTT antenna. Certainly, a wide and diverse range of measuring methods can be adopted to enhance the accuracy of surface measurement during operation in high-frequency bands.
3.4. Calculation of Amount of Surface Adjustment. Calculation of the amount of surface adjustment is central to active surface modification, which can be obtained by both structural model simulation and reflector surface morphology measurement. The former needs to be stored in the database of the control system in advance. Hundreds of panels usually make up the main reflector of a large antenna, and there are always some position errors between the fabricated surface of the reflector and the ideal design surface of the reflector. In [44] , an adjustment calculation method was presented which takes the best-fit surface as the target surface. The research team of Xidian University has conducted extensive relevant research on the determination of panel adjustment on the basis of microwave antenna electromechanical coupling [10, [45] [46] [47] . These methods can theoretically optimise antenna surface accuracy by only one time adjustment, but most of them are used for installation and debugging before antenna operation begins.
The panel adjustment strategy of the active surface is similar to the basic idea of the "best adjustment amount," described above. The calculation method is iterative, but the difference is how electric performance compensation can be realized quickly. The studies reported in [47] [48] [49] [50] [51] conducted optimization analyses of structural parameters of support trusses and feed illumination parameters in relation to surface accuracy, gain, and beam pointing as the design objectives. In addition, shared actuators are generally adopted among four segment panels of the active surface to reduce the number of actuators [52] . In this context, the adjustment amount coupling of adjacent panels must be taken into account. To improve the beam pointing and antenna gain, the authors proposed an electromechanical coupling calculation method of the active surface adjustment amount [53] of large reflector antennas. This method first establishes and modifies the finite element model of the antenna structure and then determines the corresponding target surface through panel movement and fitting adjustment, overall reflector surface precision adjustment, as well as panel fitting, and rotation adjustment to calculate the best adjustment amount of the actuators quickly. This method can adjust the surface to either a shaped reflector surface or to a normal parabolic surface using the same panels.
In using this method, the finite element model of an antenna structure, comprising a pedestal, centre body, back-up frame, and reflector, can be modified carefully little by little with the actual measurement data. In addition, the installation position error of every panel in the active reflector and the initial stroke of the actuator need to be measured and recorded, and these predetermined deviations should be eliminated in the adjustment calculation method.
Active Surface Compensation Status of Typical International Telescopes
Many large-scale radio telescopes have been built around the world, directly using or upgrading to active surface adjustment, such as GBT, LMT, HUSIR, Effelsberg, and SRT, as well as FAST and Tianma in China [54] [55] [56] [57] [58] [59] [60] [61] . The main parameters of the above-mentioned antennas are listed in Table 3 . According to the analysis of these radio telescopes, there are only four international large-scale fully steerable radio telescopes that have adopted an active main reflector design, namely, the GBT in the United States, the LMT in Mexico, the SRT in Italy, and the Tianma telescope in China. Table 4 presents the related parameters of active surfaces of these four large-scale antennas. The application status of the active surface adjustment of these four typical antennas will be further analysed below.
6 International Journal of Antennas and Propagation 4.1. Green Bank Telescope. The active surface adjustment of the GBT mainly addresses structural deformation caused by self-weight [62] . Because the high-frequency observations are done only at night, thermal deformation of the telescope structure caused by solar radiation can be simply avoided. The antenna surface accuracy can be up to 0.24 mm after adjustment of the active surface.
4.1.1. Segment Design. The segment design of the main reflector of the GBT [63] , as shown in Figure 3(b) , is based on a 208-meter standard circle paraboloid and the division form of hoop/radial annularity on a circle paraboloid. Since the main reflector of the GBT is only part of the circle paraboloid, the whole antenna aperture is elliptical, and the hoop part of each panel is only part of the ring as well. The panel of the whole active reflector presents radial distribution from one end of the reflector to the other, and it exhibits a kind of form that is "less at both ends and more in the centre" as seen in Figure 3(a) . The numbers of panels in the various rings of the main reflector of the GBT are given in Figure 4 , and the main reflector is divided into 44 rings along the radial direction comprising 2004 panels in total. Some of the 44 rings are designed with panels of the same type, which can be manufactured by the same mould; the 44 rings are composed of a total of 16 kinds of panels. This means that only 16 kinds of moulds are required for the fabrication of all of the panels, which can greatly reduce the processing cost, but produces Generally, the segment design scheme of the GBT is "small panel" and ensures that the surface accuracy of an antenna with an aperture of hundreds of meters reaches the millimeter scale.
4.1.2. Actuator Design. Every four adjacent segment panels of the GBT share one actuator. The main reflector adopts 2209 precise actuators. A dedicated actuator of the GBT is presented in Figure 5 (a); this design greatly cuts down the number of actuators in comparison to a design in which each individual panel is driven by four actuators. It not only reduces the distribution density of actuators and the overall weight of the antenna, but also makes the panels more uniform and more coherent. Therefore, it has good engineering application value. Figure 5(b) shows the mechanical configuration of the GBT actuator [62] . Table 5 presents the design specifications of a GBT dedicated actuator, which uses a "motor screw" with a stroke of 51 cm and achieves a positioning accuracy of 25 μm.
Active Surface Control System and Surface Detection.
The GBT active surface control system transmits the antenna deformation information to the master computer via the control bus; the computer subsequently applies the correction data to the corresponding actuator through the control network and control bus to correct the antenna surface shape. All cables connected to the actuators are laid in the cable trough to form a cable network in the back-up structure, which is connected to the control room. The control room is located at the top of the pitch axis, and it accommodates the wiring of all actuators, electronic devices required by control, additional power supplies, and so forth.
For surface detection, GBT adopts out-of-focus (OOF) holography measurement technology [30] . The phase error of the aperture surface is expressed by the Zernike polynomial, and this kind of technology makes a feature of introducing offset focus. The large-scale deformation of large antennas caused by self-weight and temperature at any elevation angle can be measured in real time.
Large Millimeter Telescope.
The LMT adopts active surface adjustment [64] , and its surface accuracy reaches 75 μm, which represents the highest precision among all large fully steerable radio telescopes working with the same operating frequency band. It is of great significance in the history of antenna design. Figure 6 is a segment design diagram of the LMT main reflector, and a hoop/radial annular distribution is also seen on the 50 m paraboloid. Unlike the GBT, it does not depend on other surfaces and is still an intact ring after division into panels. Along the radial direction, the main reflector is divided into five rings composed of a total of five types of panels. Each ring, respectively, contains 12, 24, 48, 48, and 48 panels from inside to outside, so there are 180 combined panels whose positions can be adjusted, as the smallest unit of active surface adjustment. Each panel is made up of 8 high-precision subpanels, and the main reflector of the LMT is composed of 1440 subpanels in total. 8 
Segment Design.
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A single subpanel is made of an electroformed nickel surface adhered to a honeycomb core made of aluminium whose surface accuracy is 15 μm. At present, only the LMT adopts the design of "combination panels" [65] . Compared to the "small panel" design of the GBT, this method greatly cuts down the number of actuators and effectively reduces the weight of the antenna structure (but the subtruss structure adds extra weight). In addition, it has the advantages of fewer types of panels, easy processing, subpanels with high processing accuracy, as well as easy transportation, and installation. The 25 m CCAT antenna also uses this kind of segment design. In theory, only three actuators are needed to adjust the position of one panel; however, the combination panel of LMT has large volume and is similar to the shape of a trapezoid, which actually demands more uniform support. Therefore, the form of the "combination panel" adds more support structure, which makes the antenna structure design more complex, and this is an inevitable problem. As shown in Figure 7 , the support structure of the combination panel comprises the substrate and subtruss structure. The substrate with high rigidity is riveted together by square section aluminium tube. Through five differential screw adjusting devices, a single subpanel is fixed and regulated with the substrate. The subtruss structure is made of stainless steel and adopts the truss structure that is evenly supported. Through eight balanced supporting points, the whole panel shows uniform stress and deformation under the influence of gravity and presents little deformation.
Actuators and Active Surface Control
System. The active surface of the LMT uses a combination panel as an adjustment unit. Four independent precision actuators are adopted to drive and adjust a single panel at its four corners. The LMT altogether employs 720 actuators with a displacement mechanism driven by a DC gear motor, whose positioning accuracy can reach 5 μm. The control network of the LMT is spread over the whole antenna structure, and the control bus is installed with the distribution of each ring of panels. Considering that the numbers of panels in the first, second, and third rings of segment panels are, respectively, 12, 24, and 48, the control bus is divided into 7 groups, each of which is divided into 12 modules to control 12 segment panels individually [64] . Figure 8 shows a configuration diagram of the LMT active surface control system. This method has good scalability, and each bus has an independent AC circuit for easy deployment and promotion.
The active surface control system of the LMT adopts the open-loop control mode, and it controls the movement of the actuators by means of look up table (LUT). Regarding temperature distortion, the LMT structure adopts closedpackage handling with positive ventilation in the interior to minimize temperature distortion. In the future, the control of the antenna will be improved through the addition of temperature sensors and related thermal design improvements.
The subreflector of the LMT also uses overall active adjustment. A laser tracker monitors the position of the subreflector. Therefore, the laser tracker can detect the deformation of four secondary support legs or the position offset of the subreflector caused by wind and temperature, and then it transmits a correction signal to the three actuators of the subreflector. Finally, the actuators will move the subreflector to the best position corresponding to the focus of the best-fit paraboloid of the main reflector, which is also an effective compensation method.
Sardinia Radio Telescope.
The active surface adjustment scheme of the SRT is based on the active surface design of a 32 m antenna in Noto, Italy [70, 71] , mainly including segment design of main reflector, actuator design, and an active surface control system. The 32 m antenna in Noto was built in 2001, and its overall model had obtained a very good Figure 9 (a), the segment design of the main reflector of the SRT is centrally symmetrical, with a total of 1008 panels distributed along the hoop/ radial rings, and the reflector is radially divided into 14 rings. There are 24, 48, or 96 panels in each ring. Referring to Figure 9 (b), Table 6 lists the corresponding geometric dimensioning of the panels in the SRT [72] . As with the GBT, the SRT adopts the "small panel" segment design. Each panel consists of an aluminium structural surface and an aluminium Z-type stiffener, whose surface accuracy is better than 65 μm. To obtain such a high-precision panel, the most advanced paste technology in existence in 2006 was adopted. INAF-IRA modified the initial single-panel design of the Vertex RSI Company, so the panel processing precision was enhanced from 0.124 mm to 0.072 mm.
Before active surface adjustment, the surface accuracy of the SRT is 630 μm. When working at the high-frequency band of 23 to 32 GHz, the SRT will start active surface adjustment to compensate for surface deformation caused by gravity, temperature, wind load, and so forth, so the surface precision ranges from 185 to 119 μm. Then the error distributions of gravity deformation, temperature deformation, and wind load deformation are, respectively, 67 μm, 11 μm, and 4 μm (at that time the wind speed is approximately 11.5 kilometers per hour). And at 32 to 100 GHz, SRT is making best effort to improve the surface uniform and feature of antenna main reflector with actuators and different measurement methods. Figure 10 is an installation diagram of the SRT actuator. The SRT also adopts the design of "sharing actuators." Four actuators below the four corners of each panel are used for driving and adjusting. A total of 1116 actuators are used for the main reflector. 
Actuator Design.
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Unlike the applications of the first two discussed antennas, the precision actuator of the SRT has two functions: (1) to carry out real-time adjustment of the main surface to make itself close to the ideal surface, reduce the optical path difference of the antenna aperture field, and improve the antenna pointing precision and surface accuracy to compensate the electric performance degradation and (2) to generate the artificial deformation of the main reflector of the antenna for shape transformation between a standard paraboloid and shaped reflector and increase the field of view of the telescope and the highest working frequency of the main focus. These two aims can be summed up as "active homology" and "active deformation," which are also implemented in the actuator function of the QTT. For this purpose, the maximum stroke of an actuator is determined by the larger displacement in two functions. After integration of the design, the stroke of the SRT actuator is 30 mm. The design specifications of the SRT actuators are listed in Table 7 [72].
Active Surface Control System and Surface Detection.
The active surface control system of the SRT is an openloop control system similar that of the LMT, and on this basis, it adds thermal protection and thermal control design, but they have not been installed completely. In addition to photogrammetry measurement and microwave holographic measurement, the antenna design team of the SRT has also studied some more advanced and independent measurement 1  1670  1214  1646  2  1827  1646  2117  3  2165  1061  1337  4  2166  1337  1611  5  2227  1611  1889  6  2229  1889  2163  7  2313  1082  1221  8  2316  1221  1359  9  2070  1359  1479  10  2073  1479  1597  11  2140  1597  1717  12  2141  1717  1835  13  2241  1835  1956  14  2632  1956  2094 11 International Journal of Antennas and Propagation systems, such as linear photoelectric sensors for measuring the deformation of the main reflector and temperature sensors for plotting temperature distribution maps, which are generally made for the most sensitive regions of the radio telescope to predict structural deformations caused by temperature gradients.
Tianma Telescope.
The Tianma telescope is one of the most representative large-scale fully steerable radio telescopes in China, whose working band covers 8 frequency bands, and its surface accuracy is 530 μm before active surface adjustment. During Ka and Q frequency band operation, starting active surface adjustment can make the antenna surface accuracy reach 300 μm, and it shows the corresponding aperture efficiencies of 50% and 45%. As seen in Figure 11 , there are four rules that can be summed up: (1) As the operating frequency increases, the antenna efficiency has shown a declining trend when three telescope antennas have the similar aperture sizes. (2) In the case of the same frequency, the antennas with the active surface are more efficient than those without the active surface. (3) Under the circumstance of high frequency, the antenna efficiency of Tianma 65 m with the active surface system not working is sharply reduced compared to itself with the active surface system working. (4) When the two active surface systems of Italy SRT 64 m and Tianma 65 m both work, the antenna efficiencies of these two antennas are quite similar. In addition, with the increase of frequency, the antenna efficiencies decrease slightly but not obviously because of adopting the active surface system. In addition, with the increase of frequency, the antenna efficiencies decrease slightly but not obviously because of adopting the active surface system. In sum, it is known from Figure 11 that the Tianma telescope adopts active surface adjustment when working at a high frequency, which greatly improves the working efficiency of the antenna. At the same time, the Tianma telescope shows higher antenna efficiency than other radio telescopes in the same working frequency [73] .
4.4.1. Segment Design. The main reflector aperture of the Tianma telescope is 65 m, with the area of 3780 mm 2 , which is equivalent to 9 standard basketball courts. It is composed of 14 rings and 1008 individual high-precision solid panels. Its segment design scheme is similar to that of the 64 m antenna of the SRT. The panels from rings 1 to 12 of the Tianma telescope have a surface accuracy of 0.1 mm, and that from rings 13 to 14 of the Tianma telescope is 0.13 mm, which represents the highest level of large-scale panel processing technology in China at that time [74] . The active surface adjustment of Tianma telescope is the first in China. Thus, this large-scale fully steerable antenna is the most advanced design, both domestically and internationally. Table 8 . Each group of actuators is arranged according to the node distribution of the antenna panel. A rhombic structure is between the actuator and the mounting base, which not only ensures the instalment localization of the actuator, but also prevents torsion of the actuator. Each actuator needs two cables, namely, a power line and a signal line, both of which are fixed on the antenna back-up structure. Each group of actuators is powered in parallel, with a power supply of AC 220 V. The active surface control system adopts the communication method of the distributed bus to implement connection and collaborative work among actuators.
Summary and Comparisons.
The active adjustment technique of the main reflector is applied in the four typical antennas mentioned above, but their active surface design schemes are very different from each other. Through the detailed analysis of the active compensation schemes of the four antennas, the next five aspects are discussed.
(1) For the GBT and SRT, the low working frequency and high working frequency, respectively, correspond to the main focus and the Gregorian focus. The latter occurs when the active surface reflector starts to compensate gravity deformation. In addition, the SRT can adjust the main reflector by means of actuators to realize a shaped reflector, a parabolic reflector, and other surface transformations.
(2) The LMT has the smallest aperture (50 m) among the four antennas, whose main reflector adopts of the unique "combination panel" design. It takes the advantage of finishing machining of the subpanel, which makes the surface accuracy of the main reflector reach 75 μm, so the number of actuators can be greatly reduced. However, on account of the introduction of the subtruss structure, it is difficult to apply it to the antenna structure design with a super-large aperture, such as the QTT, without reducing the complexity of the structure and lightening the back-up structure. The GBT, SRT, and the Tianma telescope all adopt the "small panel" design and shared actuators, thereby reducing the antenna weight.
(3) The SRT and Tianma 65 m are of approximately the same aperture. The former is one of Europe's most powerful telescopes, and the latter was independently developed in China. Although there are some common points in the active surface design of these two antennas, there is still room in China for further development in the field of antenna design, mechanical manufacture, testing, adjustment, and so on, compared with the most advanced technologies abroad. For instance, the main reflector segment of both telescopes adopt the small panel design, and they are divided into 14 rings with a total of 1008 pieces, while for Tianma 65 m, a single segment of the panel has the manufacturing accuracy of 0.1 to 0.13 mm, roughly twice that of the SRT. The adjacent panels share the same actuator for support and adjustment, with a total of 1116/1104 actuators. The actuator stroke and accuracy of the two antennas are very close, while the actuator weight of Tianma 65 m is approximately 1.5 times that of the SRT. To this end, future research should focus of innovation to devise a more lightweight design and improve actuator performance.
(4) At present, the active surface control system and the surface detection method of the four antennas are constantly being improved. Due to the repeatability of self-weight deformation, the four antennas all adopt the LUT open-loop control mode to realize the compensation of self-weight deformation. To eliminate or weaken the influence of solar radiation, the GBT works at night in most cases, and the LMT and SRT use temperature sensors and adopt thermal control measures, while Tianma 65 m in China applies thermal deformation compensation technology. To further improve the efficiency and effectiveness of antenna reflector control, there is still a lot of room for the development of a surface topography acquisition method and a deformation compensation control algorithm.
(5) The four antennas presented above are mainly constructed from traditional materials because of their manufacturing costs and predictability of their elastic modulus and thermal expansion, such as steel and aluminium, while new materials have unlimited potential for application in large antennas. For example, the CCAT antenna, which is being built in the United States, adopts carbon fibre as the main material of the back-up structure, and a composite material is used as the transition of the key connecting 13 International Journal of Antennas and Propagation parts and main drive components, to reduce additional losses of the antenna performance due to inconsistent physical properties of the materials. Finally, in the 25 m physical aperture, the CCAT works in the terahertz frequency band with a surface accuracy of 10 μm and no active surface. To improve the antenna performance, the research depth and application range of new materials in ultra-large radio telescopes such as the QTT should be increased.
Among international radio telescopes, the GBT and LMT are, respectively, typical examples of large-aperture and highprecision telescopes. These two antennas were both independently developed in the United States exploiting long history and solid foundation in the field of radio astronomy. To promote the development of astronomical science and deep space exploration technology in China, the QTT should draw more lessons from the successful experiences of foreign antennas in terms of structural innovation design, precision and active compensation, the application of new functional materials, and so on.
Proposal for QTT Active Surface Research
Radio telescopes are now being designed to have large apertures, high pointing accuracy, high sensitivity, wide frequency band operation, and large samples. Active surface adjustment has played an important role in addressing the challenges of complex antenna structure and high surface precision. Combined with the above analysis and summary of active surface compensation technologies and the active surface compensation status of international telescopes, the critical performance parameters and design options for the QTT have been determined, and they are shown in Table 9 .
In addition, it is recommended for the future construction of the 110 m QTT that the active surface research should focus on the following three aspects: According to beam pointing, employ structure deformation information, determine target surface through panel movement and fitting, and show optimal adjustment amount of actuators Adjustment amount database should be set up for quick retrieving. The appropriate segment strategy needs to take into account the panel forming process, the switching between the shaped reflector and the standard reflector, and the complexity of the antenna back-up structure. When operating at low frequency, the main reflector is paraboloid, and then it switches to a shaped reflector for the high frequency. In view of the manufacturing capacity of antenna panels in China, the maximum area of a single panel can reach approximately 5 m 2 , so it is necessary to discuss whether a combination panel should be adopted and how to find a balance between improving the accuracy and keeping the weight. Meanwhile, the error distribution of the panel surface should be determined by the electric performance index (beam pointing and gain). Previous studies by the authors have demonstrated that, while the surface accuracy of total reflector meets the requirements, the antenna may not have the required pointing accuracy. Thus, a reasonable segment of the reflector panels in terms of manufacturing cost and electric performance is an important part in the antenna structure design of the QTT.
(2) High reliability and lightweight of precision actuator From the foregoing, we can see that the precise adjustment of the reflector must be carried out with an ultraprecise actuator. Further, the assembly of a large number of actuators will inevitably increase the burden of the back-up structure and cause additional perturbation of the main reflector surface, so light weight should be also a key index of the actuator design. Of course, reliability, electromagnetic compatibility, and service life, which are essential factors in the field of the environmental adaptability of all electronic equipment, are necessary considerations for actuator design. In addition, as the number of QTT actuators is expected to reach up to 7600, the manufacturing costs should be decreased by the use of new materials, an integrated process, and outsourced processing. With the elevation of the antenna observation, the change of the heat flux of the solar radiation, and the randomness and time-varying nature of fluctuating wind, the deformation of the structure will be uncertain. In addition, the reset accuracy and stroke precision of the actuators, the panel assembly position deviation of the main and secondary reflectors, and the optimum preadjustment angle of panel installation under gravity should be integrated into the active surface adjustment model in different ways. At the same time, a lot of structural detail differences and connection part changes must exist between the finite element model and engineering structure of the antenna reflector and the pedestal structure. Thus, after installation of the antenna, structural mechanics parameter testing (such as local mode shapes) must be conducted, and then the structure finite element model should be gradually modified in detail (for the calculation of panel surface) including revolute joints and degrees of connection freedom. Besides, track unevenness, installation error of the pedestal, and load torsion should be considered and eliminated as a definite error when the antenna beam pointing is being adjusted.
The design and construction of the antenna is not an easy task, let alone various developments of the radio telescope. Along with the larger aperture, the higher frequency, and the more demanding requirements, it will be more difficult. For antenna designers and mechanical engineers, the development and implementation of structure design, pointing control, and active surface adjustment for the ultra-large radio telescope QTT is a long-term and complex process, which is full of opportunities and challenges.
